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Stacking interactions in single-stranded nucleic acids give rise to configurations of an annealed rod-coil
multiblock copolymer. Theoretical analysis identifies the following resulting signatures for long homopoly-
nucleotides: a nonmonotonic dependence of size on temperature, the corresponding effects on cyclization and
a plateau in the extension force law. Explicit numerical results for polydeoxyadenylate[poly(dA)] and polyri-
boadenylate[poly(rU)] are presented.
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Single-stranded nucleic acids(ssNA) experience stacking
interactions[1]. These favor the parallel orientation of adja-
cent aromatic rings of the bases giving rise to rigid helical
domains. Thus far, the possible coupling of stacking and the
elasticity of ssNA received little attention, and its existence
recently became a subject of debate[2–4]. The issue is fur-
ther complicated because the relevant thermodynamic and
structural parameters reported vary widely. In this paper we
present a theoretical analysis of the configurations and elas-
ticity of ssNA subject to stacking, and identifyqualitative
effects signaling the coupling of stacking with the chains’
elasticity. Clear signatures of stacking are discernable in long
homopolynucleotides, under high salt conditions when loops
do not form and electrostatic interactions are negligible.
There are two primary effects. One is the occurrence of a
minimum in the radius of the chainR as the temperatureT is
varied. This leads to corresponding effects on the cyclyzation
of the chains. The second effect is a plateau in the extension
force law of the ssNA subject to tensionf. The analysis
utilizes a model for the helix-coil transition in helicogenic
polypeptides[5] modified to allow for the weak cooperativ-
ity of stacking. It focuses on the differences between ssNA
that stack strongly, polydeoxyadenylate[poly(dA)] and
polyriboadenylate[poly(rA)], and those that exhibit weak or
no stacking, polyribouridylate[poly(rU)] and polydeox-
ythymidylate [poly(dT)]. Such long homonucleotides, com-
prising thousands of nucleotides, can be readily synthesized
enzymatically[6]. The results suggest that under physiologi-
cal conditions, these effects are important only for poly(dA),
poly (rA), and ssNA containing largeA domains. In the ab-
sence of such domains, stacking effects become noticeable at
T lower than 10°C.

The extension force laws ofl single-stranded DNA
(ssDNA), as measured in optical tweezers or atomic force
microscope(AFM) experiments, do not reveal signatures of
stacking[7]. The results can be rationalized by considering
ssDNA as a freely jointed chain characterized by a single
Kuhn length. This basic picture is augmented to allow for
loop formation [8] and for electrostatic interactions[9].
However, there is no evidence for largeA domains inl
ssDNA, and these measurements were carried out in ambient
T, thus precluding, as we shall discuss, significant stacking
effects. Stacking effects were reported[2–4] in “molecular
beacons”[10]. These areshort ssDNA chains capable of
forming stem-loop structures. One end carries a fluorophore

and the other a quencher. Accordingly, an open hairpin fluo-
resces and a closed hairpin is quenched. The fluorescence
intensity and its fluctuations allow us to extract the fraction
of hairpins and the opening and closing rate constants. Ex-
periments by the Libchaber group revealed differences in the
cyclization behavior of poly(dT) and poly(dA) loops that
were attributed to stacking and its effects on the rigidity of
the chains[2,3]. This interpretation was disputed by Ansari
et al. who ascribed the effects to transient trapping of mis-
folded loops while arguing that both poly(dT) and poly(dA)
behave as flexible polymers[4]. Our analysis does not per-
tain directly to this system since it concerns long chains.
However, the resulting predictions identify clear signatures
of stacking when misfolding is not an option.

Stacking involves interactions between nearest neighbors
and is thus noncooperative or weakly cooperative[1]. It in-
volves a broad transition between the stacked, helical state
obtained at lowT, and random-coil configurations at highT.
At intermediateT, ssNAs comprises of stacked domains in-
terspaced with “melted,” random-coil ones. The polydis-
persed domains undergo dynamic equilibrium and the overall
behavior is of annealed rod-coil multiblock copolymer. The
strength of the stacking interactions vary with the identity of
the bases. It is strongest between adenosines(A) and it is
weakest among uridines(U) and thymines(T). The interac-
tions between chemically different bases are weak. Thus,
stacking is most pronounced in poly(dA) and poly (rA),
while it is weak in poly(rU) and in heteropolynucleotides
without extendedA domains. There is evidence that stacking
does not occur in poly(dT). In every case, stacking is insen-
sitive to the concentration of salt. We consider ssNA ho-
moplymers comprisingN@1 identical monomers, nucle-
otides, of whichuN are stacked. The stacked bases formyN
helical domains. In comparison to the nonstacked bases, the
excess free energy of each stacked monomer isDf =Dh
−TDs. Dh reflects the enthalpy gain associated with the
stacking, whileDs allows for the loss of configurational en-
tropy due to the parallel orientation of the stacked bases. The
reported values ofDh andDs vary widely. For poly(rA) Dh
ranges between −3 to −10 kcal/mole whileDs values span
the range −10 to −27 e.u. In our calculations we will use two
sets of values:Dh=−13 kcal/mole andDs=−40 e.u. as re-
ported for poly(dA) as well asDh=−2.7 kcal/mole andDs
=−10 e.u. as reported for U stacks[1]. This choice brackets
the range of reported parameters and will allow us to set
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tentative boundaries of the experimental conditions to ex-
plore. The terminal monomers of the domain experience
stacking interaction with one neighbor rather than two. The
reduction in their configurational entropy is possibly weaker.
To allow for these two effects we assign each terminal mono-
mer with an additional free energyDf t. The corresponding
Zimm and Bragg parameters ares=exps−Df /kTd and s
=exps−2Df t /kTd [11]. The u vs T melting curves are broad,
leading to 0.5øsø1 and suggesting weak cooperativity.
For simplicity we will assume perfect noncooperative behav-
ior with s=1. For comparison, in helicogenic polypeptides
the ith monomer binds the monomeri +3, thus giving rise to
higher cooperativity, signaled by much smallers values, of
order 10−2–10−3 [12]. The distance between the bases in the
stacked form varies between 0.32 and 0.35 nm, depending
on the measurement technique andT. In the following, we
will thus assign a value ofb=0.34 nm to the projected length
of a stacked monomer along the axis of the helical domain.
Because of the noncooperativity of the stacking, the helical
domains are relatively short. While their persistence length is
not known we will assume that it is much longer than the
typical domain length and thus effectively infinite. In con-
trast we assume that the unstacked domains behave as freely
jointed chains and we neglect excluded volume effects. Two
parameters thus characterize the coil-like domains: the effec-
tive length of an unstacked monomer,a, and the persistence
length of the coil,l. Neither is well established. A common
value for a is 0.6 nm [7] while reported values ofl, for
stacking-free chains, vary between 0.75 and 3.5 nm[13]. We
will utilize l=a and l=3.5 nm. The free energy of an un-
constrained homonucleotide within this model is[5]

F0

NkT
= − u ln s+ yo

n

fpssndln pssnd + pusndln pusndg

− o
n

fsm1
s + nm2

sdpssnd + sm1
u + nm2

udpusndg. s1d

The first term allows for the excess free energy of the
stacked bases. The next two terms specify the mixing en-
tropy arising from the polydispersities of the stacked and
coil-like domains wherepssudsnd is the probability of a
stacked(unstacked) domain comprising ofn bases. The last
four terms impose two constraints by use of Lagrange mul-
tipliers. m1

ssud assures the probability normalization while
m2

ssud imposes the average number of monomers,u /y and
s1−ud /y, respectively, in these domains[5]. The equilibrium
conditions, ]F0/]u=]F0/]y=0, yield u=s/ ss+1d, y=s/
ss+1d2=us1−ud, pssnd=s1−udun−1, and pusnd=us1−udn−1.
The average number of bases in a stacked and unstacked
domain are thus, respectively,knls=onnpssnd=1/s1−ud and
knlu=onnpusnd=1/u.

The simplest characteristic of stacking is theT depen-
dence of the mean square radius of the chain,kR2l, as deter-
mined by the end-to-end distanceR. Assuming that the rod
and coil segments are freely jointed, the contributions of
stacked and unstacked monomers tokR2l are independent.
The s1−udN unstacked monomers in coil domains with a
persistence lengthl constituteNas1−ud /2l freely jointed

segments of length 2l contributing s2ld2Nas1−ud /2l to
kR2l. Of the uN stacked monomers, the ones that form do-
mains incorporatingn bases contributeNupssnd / knls freely
jointed segments of lengthnb. Altogether,

kR2l = N2las1 − ud + Nb2 u kn2ls/knls, s2d

where kn2ls/ knls=s1+ud / s1−ud [14]. The qualitatively im-
portant feature ofkR2l is a minimum (Fig. 1) at umin

=1−Î2b2/ s2la+b2d. This effect disappears if we ignore the
differences between the size of the monomer in the two
statess2la=b2d. It reflects a competition between two con-
tributing processes:(i) the number of effective monomers
increases withT because the number and the size of the
helical domain decrease, and(ii ) the size of the chain at low
T is dominated by a single helical domain whose length
scales withN rather than withN1/2. For the values ofa andb
we utilize the minimum attained atu=0.769 ors=3.32 for
l=3.5 nm and atu=0.474 ors=0.9 forl=0.6 nm. Thus, for
poly (dA) the correspondingTmin values areTmin=33.6°C
and 53.5°C, while for poly(rU), Tmin=−55°C and 2.5°C. A
closely related effect occurs in helicogenic polypeptides as
they undergo acooperativehelix-coil transition[12].

ssNA chains are occasionally considered as semiflexible,
wormlike chains. In this case, it is implicitly assumed that
the properties of the chain along its backbone are uniform. In
the limit of N@1, semiflexible chains obeykR2l=2lpL,
where lp is the persistence length andL=Na is the contour
length. Within this modellp=k /kT where k=const is the
bending modulus of the chain. If the behavior of the ssDNA
is analyzed within this framework while the chain obeys the
stacking model, theT dependence oflp thus extracted is
given by

2lp = 2ls1 − ud + sb2/ad u s1 + ud/s1 − ud. s3d

At high T, whenu→0, lp<l while for low T, whenu→1 it
diverges aslp,b2/as1−ud,b2exps−Df /kTd /a. This T de-
pendence is markedly different from the 1/T behavior pre-

FIG. 1. Plots ofkR2l /Na=2 lp vs T for poly(dA), with lp given
by Eq. (3), exhibit a minimum atTmin=307 K for l=3.5 nm(solid
line), Tmin=327 K for l=0.6 nm(dashed line) in comparison with
kR2l /Na vs T when lp=k /kT (dotted-dashed line). k was set by
equatinglp at Tmin for l=3.5 nm. The inset depicts the same plots
for poly (rU).
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dicted by the wormlike chain model(Fig. 1).
A related signature involves cyclization reactions. Cy-

clization reactions require the two ends of the chain to be
within a certain capture radius,rc! kR2l1/2. The thermody-
namics of the ring formation are determined byPsRddR, the
probability for the end-to-end distance of the chain to be in
the rangeR–R+dR. When N@1, PsRd of flexible ho-
mopolymers, behaving as freely jointed chains with constant
monomer size, assumes a Gaussian form[15]: PsRd
=4pR2f2pkR2sudl /3g−3/2expf−3R2/2kR2sudlg. This result ap-
plies to ssDNA in the limit ofu→0, when the effect of the
stacking is negligible. Clearly, it is wrong whenu→1 and
the configurations are dominated by a single, long stacked
domain. Foru.0, the Gaussian form is valid providedN
@1 and yN@1, i.e., the stacked monomers form a large
number of domains. The polymer may then be considered as
a freely jointed chain whose effective monomers are rod-coil
diblocks ofvaryingsizes. The Gaussian form is applicable in
this regime since the probability distribution of lengths of the
rod-coil “monomers,” while unspecified, isidentical for all
rod-coil diblocks[16]. The cylization equilibrium is ruled by
the elastic free energy arising from constrainingR, Fel
=−kT ln PsRd=−kT lnfR2/ kR2sudl3/2g+3kTR2/2kR2sudl
+cste. This Fel has negligible effect onu and y because its
contribution to the equilibrium conditions arises from
R2/ kR2sudl. For R!N1/2a the corresponding terms scale as
1/N and are thus negligible. To obtain the precise cyclization
penalty it is important to allow for the weighted contribu-
tions of all the configurations withRø rc. Since for rc
! kR2sudl1/2, the exponent inPsRd is of order unity, the frac-
tion of cyclizable states within the freely jointed chain model
is e0

rcPsRddR,frc/ kR2sudl1/2g3. For self-avoiding chains
kR2sudl1/2 is replaced by theu-dependent Flory radius[17].
Altogether the cyclization entropy forrc!N1/2a is Scycsud
=3k lnfrc/ kR2sudl1/2g and the equilibrium constant for the
cyclization reaction is specified by kT ln Kcyc
=DH−TScycsud, where DH is the binding enthalpy of the
terminal groups. The activation free energy for cyclization,
DFcyc

‡ may be identified with −TScycsud,kT lnkR2sudl3/2 [3].
This DFcyc

‡ exhibits a minimum atumin and thus at the cor-
respondingTmin. We should emphasize that this analysis is
not valid when the chain contains a large stacked domain
comprising most of the monomers. In this case the bending
of the chain can induce melting of the stacked domain, thus
introducing a coupling ofu and the cyclization: The elastic
free energy of fully stacked chain of lengthL= lp=k /kT
forming a ring of radius R=L /2p is kL /2R2=2p2kT
<20kT while the reported stacking free energy per base at
25°C is in the range of 2–8kT. This rough argument sug-
gests that the chain can lower its free energy by “melting” a
few stacks, thus avoiding the bending penalty.

When the reaction between the terminal groups is diffu-
sion controlled, the cyclization rate constant assumes the
form kcyc,1/t wheret is the longest characteristic time of
the chain[18]. If hydrodynamic interactions are neglected,
t=tR wheretR<shsa

3/kTdN2 is the Rouse time andhs is the
solvent viscosity. Allowing for hydrodynamic interaction
leads tot=tZ wheretZ<hsR

3/kT is the Zimm time. When
excluded, volume interaction are negligibletZ,N3/2, while

in the opposite casetZ,N3n wheren=0.588. Experimental
studies of cyclization of synthetic polymers in nonaqueous
solutions are consistent withkcyc,N−3/2. Our discussion sug-
gests thus that the cyclization rate constant of long ssDNA
will follow kcyc,kR2sudl−3/2 with a maximum atumin.

The T dependence ofR, Kcyc, andkcyc is recovered if we
consider the ssDNA as a wormlike chain with a presistence
length lp given by Eq.(3). This picture fails qualitatively
when considering the extension force law. To obtain it, we
augmentF0 with the elastic free energy,Fel, of a freely
jointed chain subject to tensionf [19]. A Kuhn length 2l is
assigned to the coil domains while each of the rigid helical
domains orients as an independent effective monomer. Al-
lowing for the size distribution of the stacked, helical do-
mains, we obtain[5]

Fel

NkT
= −

1 − u

d
Lintsdxd − yo

n

pssndLintsgnxd, s4d

where d=2l /a, g=b/a, Lintsxd=lnfsinhsxd /xg, and x
= fa/kT. Minimization of F=F0+Fel in the constantf en-
semble yieldsu, y, pssudsnd [20], and the force law in the
form

R

Na
= s1 − udLsdxd + ug cothsgxd −

ugsA

sinhsgxd
−

y

x
. s5d

At low T the force laws obtained from this model exhibit a
smoothed plateau associated with the enhancement of stack-
ing by the applied force(Fig. 2). Initially, the extension low-
ers the entropy of the chain, thus favoring the ordered,
stacked domains. Eventually, further stretching enforces
melting of the stacks in order to release the stored length
(b=0.34 nm vsa=0.6 nm). For our choice of parameters,
poly (dA) exhibits a pronounced plateau atT=25°C while
for poly(rU), significant deviations from the freely jointed
chain appear belowT=10°C. No deviations are expected for
poly (dT). Modeling the chain as a freely jointed chain with
a T-dependent Kuhn length(3) does not recover this plateau
because it does not allow for the coupling between the stack-

FIG. 2. Plots off vs R/Na for poly(dA) at T=25°C as obtained
from the stacking model Eq.(5) with l=3.5 nm (—–), from the
freely jointed chain model withlp given by Eq.(3) (xxxx) and with
lp=3.5 nm(oooo). Insets:(a) depicts the same plots for poly(rU) at
10°C. (b) Schematic picture of ssDNA with stacked blocks.
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ing and the extension. Accordingly, single molecule stretch-
ing experiments provide a stringent test, allowing us to dis-
tinguish between the conflicting views on the effect of
stacking on the elasticity of ssDNA.

Straightforward modification of models for the helix-coil
transition in polypeptides allowed us to study the effects of
stacking interactions on the configurational and elastic prop-
erties of homonucleotides. In particular, we investigated the
dependence ofkR2l1/2, Kcyc, kcyc, and the force laws,f vs R,
on T. The most noticeable effects are extrema in the plots of
kR2l1/2 andkcyc vs T as well as the appearance of a plateau in
the force law. The numerical results are based on reported
values ofDh, Ds, a, b, andl, as obtained from experiments.

In confronting our predictions with future experiments it is
important to note that the reported parameters vary widely
with the measurement technique and the experimental con-
ditions. They also depend on the model used to analyze the
data. With this caveat in mind, the qualitative effects we
discuss provide powerful diagnostics for the coupling of
stacking interactions with the elastic properties of ssNA.
These predictions are meaningful because spectroscopic evi-
dence indicates significant stacking in poly(dA) and
poly(rA) at 20°C, irrespective of the precise values ofDh,
Ds, a, andl. The results presented above can also be used to
test the performance of various sets ofDh, Ds, a, b, andl in
recovering the observablekR2l1/2 vs T or f vs R plots.
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